In this research, a new estimation method for the sensorless control of a permanent magnet synchronous motor (PMSM) in the low speed range is proposed using a speed observer and an opened phase voltage. An approximate linear equation of the opened phase voltage, which varies depending on the rotor position, is calculated using the least squares method with constant time intervals. This estimated position is used as the input of the speed observer instead of the actual position information. The position detection method based on the opened phase voltage can be applied to a non-saliency and closed shelf motor in a low speed range where back-EMF (Electro-Motive Force)-based methods are difficult to apply. In the proposed method, the current waveform is satisfactorily controlled in a sinusoidal waveform during the period when the opened phase voltage is not measured. Compared to conventional methods, it improves the energy efficiency and reduces the torque ripple. In this paper, we present the proposed position estimation method and the experimental results.
Introduction
Permanent magnet synchronous motor (PMSM) is widely used in industrial applications because they have advantages such as small size, high energy efficiency and high torque density. In general, sensors such as rotary encoders and resolvers that detect the position of the rotor are necessary to drive the machine. However, such a sensor has drawbacks such as high cost, large machine size, low environmental resistance. Therefore, by adopting the sensorless control method, omitting the position sensor, there are merits such as space saving, miniaturization, cost reduction, and reliability improvement of the sensor.
The two main types of sensorless control method are based on the saliency of a motor (1)- (10) or back EMF (Electro-Motive Force) (1) . Although the method based on a back EMF is a reliable location estimation method in the medium speed range, it is difficult to detect in the low speed range. Therefore, a sensorless control strategy for low speed range and standstill are necessary and investigated. Generally, highfrequency voltage injection is required for low speed sensorless control (2) . However, these high frequency injection a) Correspondence to: Sari Maekawa. E-mail: sari1.maekawa@ toshiba.co.jp * TOSHIBA CORPORATION YOKOHAMA COMPLEX 33, Shin-Isogo-cho, Isogo-ku, Yokohama, Kanagawa 235-0017, Japan * * Meiji University School of Science and Technology 1-1-1, Higashi-mita, Tama-ku, Kawasaki, Kanagawa 214-8571, Japan causes energy loss and audible noise. In order to solve these problems, other sensorless methods without high frequency injection have been studied. Recent research has proposed a sensorless control method using an opened phase voltage (3)- (6) . The opened phase voltage varies depending on the rotor position due to the change in phase inductance. Since that change is caused by magnetic flux change and saturation, it is possible to measure the opened phase voltage fluctuation even in the low speed range and standstill. Also, since the opened phase voltage can be detected easier than current ripple, it can also be applied to a surface permanent magnet synchronous motor (SPMSM). Furthermore, the opened phase voltage is able to be measured in external circuit and easy to apply to closed shelf motor. Proposed method sets the threshold value of the opened phase voltage for the timing of changing mode of 120-degree conduction method (11)- (13) . However, because the opened phase voltage is measured in opened phase, three phase AC is unable to be applied at the same time. Due to inefficiency of the 120-degree conduction method, this method is used at starting period and changed to method based on back-EMF with sinusoidal conduction.
The instantaneous speed observer is developed to improve the accuracy of the control system when it is difficult to precisely detect the speed in the low speed range with a low resolution sensor (2) . The observer estimates the speed and position of the rotor when these information is not supplied from the sensor. Also, when the rotor position information is provided by the sensor, the initial velocity error and the disturbance error are estimated by the estimated position error.
In the previous research, a sensorless control method for a interior permanent magnet synchronous motor (IPMSM) combining an instantaneous speed observer and 120-degree conduction is proposed (14) (15) .
In this paper, we propose a novel estimation method using speed observer and the opened phase voltage instead of high frequency injection. In this method, instead of the information from the position sensor, the position estimated by the opened phase voltage is used as the input of the instantaneous speed observer. Because instantaneous speed observer estimates speed and position while information from the signal which has magnetic pole position is not provided, this method enables to generate sinusoidal current in the period when the opened phase voltage is not measured. This method improves efficiency and reduces the current distortion by 120-degree conduction method. Furthermore, we verify that the proposed method can also achieve sensorless control in low speed range even in SPMSM.
Principles

Model of IPMSM
The voltage equation of IPMSM is represented by the d-q axis as follows. The d-q axis is a rotating axis in which the d-axis coincides with the rotation of the rotor corresponding to the N pole. This conversion requires rotor position information.
where v d and v q are voltage of d-and q-axes, i d and i q are currents of d-and q-axes, R a is stator resistance, L d and L d are stator inductances of d-and q-axes, p is differential operator, ω r is angular velocity of rotor, ψ a is magnet flux linkage generated by permanent magnet of rotor. Generated torque is given by, T e = Pψ a i q + P(L d − L q )i d i q · · · · · · · · · · · · · · · · · · · · · (2)
where P is the number of pole pair. Figure 1 shows the main circuit of the drive system. When two phase voltage pulses are applied, the two phase inductance changes according to the magnetic pole position, and the opened phase voltage can be detected in the opened phase ( Fig. 2) . Figure 2 shows the relationship between magnetic pole position and the opened phase voltage when V-W pulse is applied. The characteristic of this variation is effected about by saliency and magnetic saturation. In the previous study (5) , magnetic field analysis is performed to investigate the characteristics of the opened phase voltage, due to nonlinearity of hysteresis and magnetic saturation effect.
Opened Phase Voltage and Magnetic Pole Position
As shown in Fig. 2 , influence of magnetic flux from rotor changes depending on rotor position. Figure Variation of the opened phase voltage is monotone increasing or monotone decreasing when the motor is regulated by 120-degree conduction method. In the angle between each mode of 120-degree conduction method, rotor position when the opened phase voltage crosses zero is slightly ahead of the middle angle of each mode. For example, as shown in Fig. 2 , when V-W pulse is applied and rotor position θ = 0 [deg], flux density is decreased on W-phase and increased on Vphase by rotor magnetic flux. Thus, L w becomes smaller than L v and the voltage at open phase U is negative. As the opened phase voltage is decreasing in the period, the zero-cross point is slightly ahead of 0 [deg]. In the same way, when W-V pulse Figure 3 shows the relationship between the magnetic pole position and the opened phase voltage at standstill. It is seen that the opened phase voltage varies sinusoidally in the range of ± 90 [deg], and there is a correlation between the magnetic pole position and the opened phase voltage.
Hence, we apply this characteristic to position estimator, position sensorless control can be achieved in the low speed range where back-EMF can not be used. Figure 4 (a) shows the PWM waveform with 120-degree conduction. In 120-degree conduction, one phase is low side ON, one phase is open, and last phase is controlled with PWM. In section A of Fig. 4(a) , the U-phase is opened state, the V phase low side is ON, and the W phase is controlled with PWM (11)- (13) . The opened phase voltage is detected in this timing, and the magnetic pole position is estimated.
Generating Method of Opened Phase in Sinusoidal Wave Drive
On the other hand, Fig. 4(b) shows the proposed method in this paper. In the proposed conduction method, the open state is added to the sinusoidal PWM conduction. Most of the area is controlled by sinusoidal PWM conduction, and an open state is inserted only in part. Section B of Fig. 4(b) is the same conduction pattern as that of section A of Fig. 4(a) , Since the open state is occurred every 60 degrees, the magnetic pole position is also estimated in this period.
Instantaneous Speed Observer
Timing chart of instantaneous speed observer is shown in Fig. 5 (2) (8) , where T 1 is the period when real position information is provided by the sensor, T 2 is the period of DSP (digital signal processor). The sampling instant is defined as follow according to Fig. 5 .
k]· · · · · · · · · · · · · · · · · · · · · · · · · (3)
The accelerating torque of the motor T m at the instant [m, k] is expressed in sum of the generated torque of motor T em and disturbance torque T d as follow.
k]· · · · · · · · · · · · · · · · · · · · · · · · · · · · (5) where k tn is torque constant, i is torque current. The estimated speedω and estimated positionθ during the DPS period T 2 are given by trapezoidal integration of T m andω as follow.
· · · · · · · · · · · · · · · · · · · · (6)
· · · · · · · · · · · · · · · · · · · · (7)
where J n is the inertia moment of the motor. When real position θ is available from sensor in T 1 period, position error Δθ can be obtained.
· · · · · · · · · · · · · · · · · · (8)
This estimation error is considered as initial speed error and disturbance error in the T 1 period. The influence rate of the position error is divided by the coefficient γ 1 and γ 2 γΔθ[m + 1] = KΔx[m + 1]· · · · · · · · · · · · · · · · · · · · · · ·(9)
where Δx = Δω ΔT d T · · · · · · · · · · · · · · · · · · · · · · · · · · · · (10)
2J n ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (11) γ = γ 1 γ 2 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (12)
Then, Δx is expressed as, Δx[m + 1] = K −1 γΔθ[m + 1]· · · · · · · · · · · · · · · · · · · (13)
The initial speed error Δω and disturbance error ΔT d are expressed as
· · · · · · · · · · · · · · · · · · · · · (14)
· · · · · · · · · · · · · · · · · (15) Thenω and T d are corrected as folloŵ
wherê x = ω T d · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (17) L = 1 T 1 /J n 0 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (18) Then,ω and T d are obtained by,
−Δω[m + 1] · · · · · · · · · · · · · · · · · · · · · (19)
· · · · · · · · · · · · · · · (20)
The coefficient γ 1 and γ 2 is related to the convergence characteristic of the observer. Minimal dimension observer is expressed in as,
where a 12 = T 1 T 2 1 /2J n · · · · · · · · · · · · · · · · · · · · · · · · · · · (22)
i(τ)dτ dt · · · · · · · · · · (23)
mT 1 i(t)dt · · · · · · · · · · · · · · · · · · · · · (24)
In this observer, θ[m+1] is obtained at the beginning of [m+1] instance. The characteristic equation of the observer is obtained by eigenvalue of L − LK −1 γa 12 as follow.
Mind that z is z-transformation variable a follow.
z = e T 1 s · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·(26) γ 1 and γ 2 is set as (8) ,
· · · · · · · · · · · · · · · · · · · (27)
· · · · · · · · · · · · · · · · · · · (28)
where p cos ∅ is the pole of the observer. T 1 is the time of the section m in Fig. 5 , and varies with the rotation speed. For this reason, in order to determine the pole of the observer by Eqs. (27) and (28), it is necessary to vary T 1 in the equation in accordance with the rotation speed.
Proposed Method using Speed Observer and Opened Phase Voltage
In the proposed method, estimated position calculated by the opened phase voltage is used as input of speed observer. Figure 6 shows the block diagram of proposed sensorless control system. The opened phase voltage is detected by the voltage divider circuit. θ ms [rad] is the six-resolution position which is calculated with the opened phase voltage. Furthermore, the speed observer estimates θ est [rad] from θ ms . The speed controller, the current controller, the dq/uvw converter, and the PWM modulation have the function of generating PWM signals to control the speed of PMSM. Two phase modulation is modified modulator to convert voltage reference. Figure 7 shows the timing of measuring the opened phase voltage. θ op [rad] is opened phase angular measuring the opened phase voltage in each mode.
Because voltage is only applied in two phases while measuring the opened phase voltage at opened phase, the vector of the voltage can be generated in only one direction. When the opened phase voltage is measured, reference voltage is applied as shown in Table 1 and Fig. 8 .
Reference voltage is aligned with reference to bottom of inverter to apply two-phase modulation. While measuring the opened phase voltage, the phase for the middle reference voltage V mid is set as opened phase and the voltage difference between the minimum reference voltage V min and the maximum reference voltage V max are applied to other two phases. One phase is opening in set degree from the middle angular of each mode. The date of the opened phase voltage is acquired in the sampling period. In Fig. 7 , Approximate linear 
· · · · · · · · · · · · · · · · · · · · · · · (29) where variable y is count of sampling, variable x is measured the opened phase voltage [V], a 0 and a 1 is coefficient of approximate equation, θ 0k (k = 1, 2, 3, 4, 5, 6) is preliminarily measured position by sensor when calculated approximate linear equation of the opened phase voltage crosses 0 V in each mode [rad] , N is all sampling count in each mode, sample is sampling period [s], ω est is rotor speed by speed observer [rad/s]. a 0 is considered as count from the beginning of sampling period to zero-cross point of the opened phase voltage when x = 0. Estimated rotor position θ ms is calculated as follow θ ms = θ 0k + (N − a 0 ) * sample * ω est · · · · · · · · · · · · (30) Proposed method uses this rotor position θ ms as real Table 2 . IPMSM parameters position θ instead of using sensor for estimating error of initial speed and disturbance by instantaneous speed observer. Number of sampling count N depends on opened phase period, rotor speed and sampling period.
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · (31) When N is too small, the approximate linear equation is unable to calculate and the estimation error can be large.
Experimental Results
Characteristics of Sensorless Control
The proposed method is evaluated with IPMSM and its parameters are shown in Table 2 . The measurement circuit consists of a differential amplifier circuit for removing noise and a resistor for dividing the opened phase voltage. In this experiment, the opened phase voltage is divided by 1/10. The AD conversion timing is set to the end point of the voltage pulse in order to avoid ripple.
Carrier frequency of DSP is 5 kHz and DC voltage is 48 V. The motor is operated at reference speed 62.8 electrical rad/s (5.8% of rated speed), and load torque 1.0 Nm, and opened phase angular θ op is set in π/8 rad. Preliminarily measured position θ 0k are set as shown in Table 3 . θ 0k are measured in same condition with position sensor. Measured θ 0k is slightly ahead of the middle angular in each mode as discussed in section II. The difference of θ 0k and the middle angular in each mode is 0.072 rad. Figure 9 shows measured and estimated rotor position. Figure 10 shows measured and estimated rotor speed. As Table 3 . Measured zero-cross angular of opened phase shown in Fig. 9 and Fig. 10 , the drive is properly controlled with estimated rotor position and speed in stable condition with constant load. Fig. 9(b) shows average error of position. Average error of position is −0.117 rad. Figure 11 shows measured the opened phase voltage of each phase. When voltage is applied as Table 1 , measured the Fig. 13 . Characteristics at standstill opened phase voltage variates monotonically during opened phase period; monotone decreasing in mode 1, 3, 5, and monotone increasing in mode 2, 4, 6. Figure 12 shows the experimental results in the lower speed which is 47.1 rad/s (4.3% of rated speed). Although the position error is large, the sensorless control is possible. Furthermore, it became unstable in the condition of lower speed range. In the extremely low speed range, we consider that the instantaneous speed observer has become unstable because the section m is long, so the load fluctuation and the speed fluctuation also become large. However, since the relationship between these factors and the lower speed limit is not completely clear, the lower speed limit is determined with trial and error in this paper.
For this reason, at extremely low speed including standstill, the proposed method does not apply the observer and operates using only the opened phase voltage. When the rotation speed increases, the sensorless control method is switched to the proposed method. start-up. Although the distortion of the current is large due to the 120-degree conduction, the sensorless control can be performed at standstill. Figure 14 shows transient characteristics with varying speed. The estimation error increases immediately after the speed change, the sensorless control is stable. Figures 15, 16 show experimental results under conditions where the inertia J n used for the instantaneous speed observer is changed from the nominal value. When J n is twice, the sensorless control is unstable at the transient condition. Furthermore, when it is changed by 0.5 times, the sensorless control is stable. However, the observer will be unstable if it uses more than twice. As a result, we consider that the inertia value is important to the performance of the instantaneous speed observer of our proposed method.
Transient Characteristics
Influence of Inertia for Sensorless Control
Improvement Result of Current Waveform
In the proposed method, since the opened period is set only in part, the current distortion becomes decrease. Figure 17 shows the comparison of the phase current waveform of 120-degree conduction and the proposed method. Since the opened period is 60 degrees at 120-degree conduction, the phase current contains much harmonic components. On the other hand, in sinusoidal conduction, the opened period is set to π/8 rad, and current distortion can be reduced.
It improves the performance of sensorless control of PMSM without high frequency injection in low speed range. The current is zero when the phase is open and distorted when other phase is open. Open phase angular should be as small as possible to make current waveform close to sinusoidal. Figure 18 shows FFT analysis of phase current waveform of 120-degree conduction and proposed method. In the 120-degree conduction, because of rectangular current waveforms, the 5th, 7th and 11th harmonic components increase. On the other hand, in the proposed method, most of the harmonic components other than the 7th order are reduced.
We consider that few distortion is caused by the effect of the opened period of π/8 rad shown in Fig. 18 .
Results of Sensorless Control in SPMSM
Finally, SPMSM is driven sensorless with the proposed method. Table 4 shows the experimental parameters of SPMSM. The salient ratio is almost 1.0. Figure 19(a) shows the relationship between the opened phase voltage and the magnetic pole position. The distortion is larger than that of Fig. 3 which is the characteristic of the IPMSM. Figure 19(b) shows a waveform in the vicinity of zero-cross, and the relationship between the opened phase voltage and the magnetic pole position is linear in this region. For this reason, detection of the opened phase voltage is detected only in this linear region. Figure 20 shows the estimated magnetic pole position and the actual position detected by the encoder. Although there is some estimation error, the position can be estimated. As a result, we consider that the proposed method can be applied to SPMSM.
Conclusion
Sensorless control method for PMSM using speed observer and the opened phase voltage without injection of high frequency in low speed range is proposed in this paper. Rotor position is estimated based on speed observer and position calculated by measured the opened phase voltage. This estimation method only needs external measuring circuit and preliminarily measured zero-cross angular of the opened phase voltage date and easy to apply. Stable state operation is verified by experiment. In this method, sinusoidal conduction is available in the period when the opened phase voltage is not measured. This improves the efficiency and audible noise compared with conventional method.
